Mechanical alloying followed by pulse-discharge sintering (MA-PDS) is used to fabricate bulk (Bi 0.25 Sb 0.75 ) 2 Te 3 polycrystals dispersed with metal Ag, ceramic BN or both. During sintering, the dispersed second phase particles, especially BN, effectively hinder the growth of the (Bi, Sb) 2 Te 3 matrix phase, giving rise to a refined microstructure in compacts. Property measurements demonstrate that the metal Ag is effective in raising electrical conductivity, while the ceramic BN is effective in decreasing thermal conductivity through reinforced phonon scattering. By adding Ag alone, we have identified a large potential for further improving the room-temperature figure of merit of the (Bi 0.25 Sb 0.75 ) 2 Te 3 mother alloy. The maximum figure of merit appears at 0.02 mass% Ag with value in the order of 3.4 × 10 −3 K −1 , which is 18% higher than that of the mother alloy. This result is of practical significance. Because of the deterioration of Seebeck coefficient, addition of BN either alone or in combination with Ag does not produce a favorable figure of merit.
Introduction
Bismuth telluride and its alloys are the materials of choice for solid-state cooling device applications because they possess the highest thermoelectric (TE) figure of merit known near room temperature. Unlike conventional compressorbased refrigerators, thermoelectric coolers are freon-free and thus environmentally green, reliable and quiet since they can work without moving parts. The (Bi 0.25 Sb 0.75 ) 2 Te 3 single crystal formed by 25 mol% of Bi 2 Te 3 and 75 mol% of Sb 2 Te 3 is known as the promising candidate for the p-leg in TE coolers. 1) However, the energy conversion efficiency of this material still remains too low to make it viable for many commercial applications. The challenge is to maximize the figure of merit (Z ), which is defined as Z = S 2 σ/κ, where S is the Seebeck coefficient (also refer to as thermopower), σ the electrical conductivity and κ the thermal conductivity.
One available approach for improving TE performance is to make polycrystals via powder metallurgy. [2] [3] [4] The polycrystals are expected to have an enhanced figure of merit with respect to the single crystal counterparts because of the remarkable decrease in the lattice thermal conductivity as a result of the grain boundary scattering. The polycrystals have much more isotropic TE properties and they are much easier to synthesize, dimension and handle than single crystals. Moreover, the microstructure produced by powder metallurgy eliminates the danger of catastrophic failure due to cleavage and therefore increases the mechanical strength. Recently, we introduced a new processing technique 5) called MA-PDS (mechanical alloying followed by pulse-discharge sintering) to fabricate the bulk Bi 2 Te 3 -based polycrystals. It involves two steps. In the first step, ultrafine powders with nm-sized crystals are synthesized by means of the non-equilibrium mechanical alloying process. The MA powders are subsequently compacted into bulk by PDS. In comparison with the conventional hot-pressing process, the very short time and the low temperature exposure of MA powders achieved by PDS offers the best means to retain fine grain size in compacts. Typical PDS conditions, say for the 200 h-milled (Bi 0.25 Sb 0.75 ) 2 Te 3 powders, were 618 K, 50 MPa and 10 min to near full density, 5) while the conventional hot pressing conditions reported for MA powders with the same composition were 693 K, 1.2 GPa and 1 h. 4) Obviously, the sintering efficiency is remarkably enhanced in the current PDS process.
Recently, Fleurial 6) predicted that dispersion of fine inclusions in the p-type Bi 2 Te 3 -based alloys may improve the dimensionless figure of merit ZT by 15-20% at 200-300 K. By adding ceramic MgO powders to (Bi 0.25 Sb 0.75 ) 2 Te 3 alloy, Ohnaka et al. 7) found that both the electrical resistivity and the thermal diffusivity increase with the volume fraction of the added MgO particles. They suggested that the figure of merit may be improved by adding fine, electrically conductive particles that has no reaction with the matrix. However, to date little has been done on this aspect in the open literatures. The current work is devoted to the addition study of the mother (Bi 0.25 Sb 0.75 ) 2 Te 3 alloy. The additives we selected include electrically conductive Ag and ceramic BN. The purpose is to explore the potential for further increasing the room-temperature figure of merit of the (Bi 0.25 Sb 0.75 ) 2 Te 3 mother alloy. Addition of both Ag and BN was also examined because we might get a further increased figure of merit compared with the single addition cases. We employ MA-PDS to fabricate the bulk polycrystalline materials. Electrical, thermal and thermoelectric properties are systematically pursued as a function of the additive content.
Experimental Procedures
Mechanical alloying (MA) was performed in a vibratory ball mill under the vibration frequency of 25 Hz. The stainless steel vial and balls were utilized. All the powder handling was done in an argon-filled glove box, in which the oxygen level was kept below 5 ppm, to prevent powders from oxidation. The mechanically alloyed powders were subsequently compacted into dense cylinder samples by pulse-discharge sintering (PDS) at 618 K, 50 MPa and for 10 min. Graphite dies were used with sprayed BN particle coating to reduce friction during compact ejection. The resulting compact is 20 mm diameter by 5-10 mm thick, dense, crack-free with bright appearance. The details for MA and PDS were given in Table 1 .
The compacts made by MA-PDS were subjected to a series of structural and property characterizations. X-ray diffraction (XRD) was carried out on a Philips X'Pert-MPD system with CuKα radiation. The fracture surfaces were observed on a Philips XL-30 S scanning electron microscope (SEM), which was operated at an accelerating voltage of 10 kV. The specific heat capacity c p was determined on DSC (Seiko DSC6200) from 263 to 400 K. Samples in the forms of pillar and disk were cut from the compact by electro-discharge machine (EDM) for subsequent electrical resistivity, Seebeck coefficient, thermal diffusivity and Hall effect measurements. All the measurements were made with the heat/current flow perpendicular to the pressing direction. The electrical resistivity and Seebeck coefficient were determined on an ULVAC ZEM-1 apparatus in He gas. The temperature gradients applied on the two ends of the pillar sample for the Seebeck coefficient measurement were 10-30 K. The thermal diffusivity (κ d ) was measured on a Laser Flash TC-7000 Thermal Constant Analyzer in vacuum. The thermal conductivity (κ) was calculated from the experimental density (d), heat capacity (c p ) and thermal diffusivity (
Hall effect measurements were conducted on a Resi Test 8300 DC Hall Measurement apparatus. A constant magnetic field of 0.86T was applied during the Hall coefficient (R H ) measurement. The carrier concentration (n) and Hall mobility (µ H ) were respectively determined by n = 1/(R H e) and µ H = R H /ρ, where e is the electron charge and ρ the electrical resistivity. is the major event during MA. Interestingly, no peak position shift was noticed as the chemical composition changed.
Results

Synthesis of the bulk (Bi
From the half line-width of XRD lines one can estimate the average grain size using the well-known Scherrer formula. In the case of the unadded sample, for example, the estimated grain size is about 33 nm from (015) peak. That is to say, the (Bi, Sb) 2 Te 3 crystals are in the nanometer scale. The mechanically alloyed powders were followed by pulsedischarge sintering at 50 MPa, 618 K and for 10 min. We simultaneously recorded the Z -axis displacement during sintering in Fig. 2 . The initial pressure applied is 16 MPa. At 473 K, the load was increased to 50 MPa. One can see that sintering becomes fast from 360 K. After 573 K, the data changes slightly. XRD patterns of the sintered compacts in Fig. 3 reveal a single (Bi, Sb) 2 Te 3 phase in all compositions. We selected (205) and (1010) lines to calculate the lattice parameters. From Fig. 4 , one can see that the calculated lattice parameters are independent of the type and degree of the additive. The average data for a and c are respectively 0.4295 nm and 3.0497 nm. This result suggests that doping of Ag and BN may not occur during MA-PDS. Table 2 summarizes the experimental samples made by MA-PDS. It is seen that BN markedly decreases, while 0.05 mass%Ag slightly increase the compact density. We employed SEM to observe the fracture surfaces of the compacts. Note that all the observations were made parallel to the pressing direction. As shown in Fig. 5 , all the added samples show decreased grain size, in particular in the BN-added samples, with respect to the unadded. In the SEM micrograph, the small white particles, say in the 2.0 mass% BN added sample, are BN. In this study, the added Ag quantity is too low to be detected by SEM. In another sample with 1.0 mass% Ag in Fig. 6 Fig. 7 . Apparently, all the added samples exhibit decreased Seebeck coefficient values compared with the unadded. A linear decrease in Seebeck coefficient with the additive content was observed in the Ag- added cases. On the other hand, for the BN-added samples, the Seebeck coefficient almost keeps constant as the additive content increases from 0.2 to 2.0 mass%. The electrical conductivity was studied as a function of the additive content in Fig. 8 . An abrupt increase in the electrical conductivity was seen when Ag was added. At the additive content of 0.05 mass%, σ is as high as 1.11 × 10 5 ( ·m) −1 , 1.75 times the magnitude of that of the unadded. However, a decreased electrical conductivity with the addition level was obtained in the BN-added cases.
In Fig. 9 we calculated the power factor S 2 σ using the experimental data of S and σ in Figs. 7 and 8. It is noted that the three single Ag-added samples have power factor data that are higher than that of the unadded. Addition of BN either alone or in combination with Ag, however, leads to a reduced S 2 σ . A linear decrease in S 2 σ with the BN additive content was observed. Figure 10 shows the thermal conductivity of the differently added samples. Addition of BN either alone or in combination with Ag decreased thermal conductivity compared with the unadded. In particular, a linear decrease with addition level was noticed in the BN-added samples. When added with 2.0 mass% BN, the sample has a thermal conductivity value as low as 0.5 W/Km, 45% lower than that of the mother alloy. A 10-40% decrease in the thermal conductivity was ever re- ported in the hot-pressed Si 80 Ge 20 alloy when BN and Si 3 N 4 were added. 8, 9) Therefore, one can conclude that addition of ceramic particles to TE materials is very effective in reducing the thermal conductivity. By adding Ag alone, a slight decrease in the thermal conductivity was observed at the additive contents of 0.01 and 0.02 mass% presumably because of the grain size refinement in the two samples. A rapid increase at 0.05 mass% can be attributed to the large electron contribution.
The Hall effect measurements can provide us with useful information about the carrier concentration and carrier mobility, by which we may better understand the physical nature of TE performance. The measured carrier concentration data in Fig. 11 indicates that all the added samples have higher carrier concentrations than the mother alloy. In particular, Ag addition dramatically increases the carrier density. So, the high electrical conductivity observed in the Ag alone added samples in Fig. 8 and the rapid increase in the thermal conductivity at 0.05 mass% Ag in Fig. 10 can be reasonably ascribed to the high carrier concentration. The Hall mobility determined by µ H = R H /ρ in Fig. 12 suggests that all the added samples have decreased Hall mobility, and the higher the addition level, the lower the Hall mobility.
The room-temperature figure of merit of the differently added samples was estimated in Fig. 13 from the experi- mental S 2 σ and κ data by Z = S 2 σ/κ. Favorable results were obtained in the samples with a small amount of Ag addition. The additive content is optimized at 0.02 mass%, which corresponds to the maximum figure of merit of 3.4 × 10 −3 K −1 . This value is 18% higher than that of the mother alloy. With this result, we identified a large potential for further increasing the room-temperature figure of merit of the (Bi 0.25 Sb 0.75 ) 2 Te 3 mother alloy by adding a small amount of metal Ag. However, addition of BN either alone or in combination with Ag does not yield favorable results. By adding BN alone, for example, the figure of merit was found to decrease linearly with the BN content.
Discussion
Following the early research by Benjamin on oxidedispersion strengthened superalloys by mechanical alloying, this technique has been widely applied in the development of non-equilibrium structures, say amorphous, quasicrystal and nanocrystal. These non-equilibrium structures are produced from elemental powders through a sequence of collision events inside a ball mill. In milling, the elemental powders are repeatedly deformed, fractured and cold-welded during the ball-to-powder collisions. Due to the highly energetic compressive impact force, the metals join to create diffusion couples, i.e., clean interfaces where inter-diffusion of the associated atoms starts and eventually results in a homogeneous phase. The foregoing XRD studies of the as-milled powders reveal a single (Bi, Sb) 2 Te 3 crystalline phase in all compositions, indicating that the reaction of the elemental powders of Bi, Sb and Te into the (Bi, Sb) 2 Te 3 phase is the major event in the whole milling process. And 160 h milling is sufficient to bring about the reaction. The added Ag and BN particles are dispersed in the powders. The Gibbs free energy of BN is −228.5 kJ/mol, which is much higher than that of Bi 2 Te 3 (−77.1 kJ/mol), [10] [11] [12] [13] thus, no reaction between BN and the (Bi, Sb) 2 Te 3 hexagonal phase can be expected. The dispersion of Ag particles may mean the immiscible nature of Ag in the (Bi, Sb) 2 Te 3 phase. In another experiment, Ito et al. 14) found that Cu is immiscible in the β-FeSi 2 phase. In this way, composites of (Bi, Sb) 2 Te 3 /Ag or BN or Ag and BN were fabricated by MA-PDS. The presence of the dispersed second phase particles in the as-milled powders was found to effectively prevent the growth of (Bi, Sb) 2 Te 3 matrix crystals during PDS, resulting in refined grain size in compacts. This has been verified by the direct SEM observations in Fig. 5 . The maximum grain size D max of an alloy with dispersion of second phase particles is limited by 4r/3 f , where r and f are respectively the average radius and the volume fraction of the second phase particles. The grain size refinement is undoubtedly favorable for decreasing the lattice thermal conductivity by reinforcing the phonon scattering. Meanwhile, the dispersion of a fine second phase can also act as effective scattering centers for phonons and thus decreases the lattice thermal conductivity. This happens when the dimension of the second phase is comparable to the phonon mean free path.
Systematic property measurements have shown that the composites behave different thermoelectric performance than the mother alloy. As illustrated in Fig. 7 , the composites have lower Seebeck coefficient values than the mother alloy. The Seebeck coefficient in the extrinsic region can be expressed as 15) where k B is Boltzmann constant, γ and C are constants. It follows that the higher the carrier concentration (n) the lower the Seebeck coefficient. Based on this consideration and the result in Fig. 11 , the temperature and compositional dependence of Seebeck coefficient in Fig. 7 may be easily understood.
As metal Ag is very electrically conductive, the (Bi, Sb) 2 Te 3 /Ag composite will exhibit higher electrical con-ductivity than the mother alloy. This has been confirmed by the experimental result in Fig. 8 . By adding BN alone, the electrical conductivity shows an initial increase at low BN contents. The reason is not clear at the present time.
As Seebeck coefficient is squared in the expression for figure of merit, the low Seebeck coefficient is undoubtedly detrimental to achieving a higher power factor S 2 σ . In Fig. 9 , it is found that favorable S 2 σ is obtained by adding Ag alone. As for the thermal conductivity of composites in Fig. 10 , we noticed that addition of ceramic BN or metal Ag alone at very low quantities (0.01 and 0.02 mass%) favors the decrease in the thermal conductivity. The rapid increase in the thermal conductivity at 0.05 mass%Ag can be ascribed to the large electron contribution.
As seen in Fig. 13 , the compositional dependence of figure of merit is much more pronounced in the metal Ag-added than in the ceramic BN-added or the Ag&BN double-added samples. A maximum room-temperature Z is attained at 0.02 mass% Ag with Z value of 3.4 × 10 −3 K −1 , which is 18% higher than that of the unadded. This result is in good agreement with Fleurial's prediction 6) and is of practical significance. The underlying mechanism for TE performance improvement is the fact that 0.02 mass% Ag addition substantially increases the electrical conductivity without significantly changing Seebeck coefficient or thermal conductivity. Unfortunately, addition of BN either alone or in combination with Ag does not generate favorable TE properties because the decrease in thermal conductivity cannot compensate for the loss in Seebeck coefficient in the two cases.
Conclusions
In this study, we take advantage of mechanical alloying followed by pulse-discharge sintering (MA-PDS) to fabricate the bulk (Bi 0.25 Sb 0.75 ) 2 Te 3 polycrystals dispersed with metal Ag, ceramic BN or both. The dispersed Ag and BN particles in the as-milled powders prevent the growth of the (Bi, Sb) 2 Te 3 matrix phase upon sintering, resulting in a refined microstructure in compacts. Property measurements reveal that the metal Ag is effective in improving the electrical conductivity, while the ceramic BN is effective in reducing the thermal conductivity. By adding Ag alone, we have identified a large potential for further increasing the room-temperature figure of merit of the (Bi 0.25 Sb 0.75 ) 2 Te 3 mother alloy. The addition degree is optimized at 0.02 mass%, which corresponds to the figure of merit of 3.4 × 10 −3 K −1 , a 18% increase compared with that of the unadded. This result is of practical significance. However, addition of BN either alone or in combination with Ag fails to produce favorable figure of merit as a result of the degradation of Seebeck coefficient.
